Introduction
Thermal modulation (TM) voltammetry has been developed to examine the standard entropy change of an electrode reaction. [1] [2] [3] [4] [5] The authors have also been applying TM voltammetry to a solid electrode-electrolyte solution interface (an electron-transfer process) by using a visible laser, 6 and to a liquid|liquid interface (an ion-transfer process) by using an ultraviolet laser, 7, 8 in order to examine the standard entropy change of an electrode reaction. However, few applications of TM voltammetry to practical analyses have been found. In this work, not only to expand an applicable area of TM voltammetry to practical analyses, but also to examine its possibility, TM voltammetry was applied for the determination of phosphate ion.
The determination of phosphate ion is a common task in many fields of study, including environmental, clinical and industrial investigations. [9] [10] [11] [12] In recent years, many methods for the determination of phosphate ion have been developed. Among them, spectrophotometry based on a chemical reduction of molybdophosphate ion (the molybdenum-blue method) is a representative, and its various versions have been proposed in compliance with many analytical requests. [13] [14] [15] [16] However, the molybdenum-blue method is not sufficiently sensitive to directly determine the concentration of phosphate ion in natural water samples, such as from lakes, rivers and oceans, without any concentration analytical procedures.
In the conventional condition using a 1-cm optical cell, the determination limit is approximately 1 mmol dm -3 , which is similar to a typical concentration of phosphate ion in natural water samples. On the other hand, voltammetric determinations of phosphate ion have been proposed. Using simple adsorptive voltammetry based on the reoxidation of heteropoly blue at a glassy carbon electrode to determine nanogram amounts of phosphate ion has been described. 17 Conventional voltammetric determinations have also been reported, in which phosphate ion is determined as heteropoly acid or a molybdophosphate complex. [18] [19] [20] A simple flow-injection system utilizing a thin-layer amperometric detector for phosphate ion has also been reported. 21 A voltammetric sensor used to detect phosphate ion at a liquid|liquid interface has been reported. 22 A simple capillary electrophoretic determination of phosphate ion, based on the formation of a phosphomolybdate complex has been analyzed. 23, 24 The determination of nanomolar concentrations of phosphate ion based on luminol chemiluminescence has also been reported. 25, 26 A highly sensitive HPLC method for the detection of phosphate ion has been published. 27 Now, in this work, TM voltammetry has been utilized in the determination of phosphate ion with its good sensitivity and stability.
Experimental

Principle of thermal modulation voltammetry
As described later, an electrode reaction of 12-molybdophosphate ion, [PMo VI   12O40] 3-, includes adsorption processes. However, TM voltammetry for such an electrode reaction, including adsorption processes, is not yet fully understood. Here, TM voltammetry for a reversible electrode reaction is briefly described for easily understanding TM voltammetry. [1] [2] [3] [4] [5] [6] [7] As is well known, the temperature coefficient of the standard potential, (∂E˚/∂T), for the electrode reaction of Ox + ne -AE Red is equal to the product of the number of electrons, the Faraday constant and the standard entropy change, -nFDS˚. Consequently, when the temperature is raised from T to T + DT, if the electrode reaction has a positive value of the standard entropy change, the standard potential shifts to a negative direction, and vice versa. On the other hand, since a limiting current increase with a diffusion coefficient, and further its ), was formed through a reaction between a phosphate ion and molybdate ions in an acidic solution, and its electroreduction was examined in a flow electrolytic cell by TM voltammetry. Measured TM voltammograms showed two peaks corresponding to two successive two-electron reductions of the 12-molybdophosphate ion, and the peak intensities were proportional to the concentration of the phosphate ion. Because of the strong adsorption of 12-molybdophosphate ion onto the GRC electrode, a detection limit as low as 0.8 nmol dm -3 (S/N = 3) was achieved. The determination of phosphate ion in real samples (river water) was carried out by spectrophotometry (the molybdenumblue method) and TM voltammetry, and the determination values obtained by both methods were in a good agreement with each other. These results prove the possibility of TM voltammetry as an electroanalytical method. † To whom correspondence should be addressed. E-mail: s08t307@shinshu-u.ac.jp temperature coefficient, (∂D/∂T), is always positive, the limiting current at T + DT is always larger than that at T. Such temperature effects on thermodynamics and diffusion lead to a slight difference between two voltammograms at T and T + DT, where DT is much smaller than T. TM voltammetry is a sensitive technique that can detect such a slight difference, and thus its experimental apparatus possess a periodic heating and lock-in detection system other than conventional voltammetric instruments. The principle of TM voltammetry for an electrode reaction including adsorption processes may not be as simple as that for a reversible one, as described above. However, thermal modulation is expected to give some effects to TM voltammetry for an electrode reaction including adsorption processes through thermodynamics, kinetics and mass transfer. The main purpose of this study is an application of TM voltammetry to a practical analysis of phosphate ion, although a detailed consideration of TM voltammetry for an electrode reaction including adsorption processes is in progress.
Apparatus and procedure Figure 1 shows the experimental arrangement of TM voltammetry. The beam from the He-Cd dual laser (Kimmon, IK5451R-E, KH1801C) was employed as a heating source. The laser has two lines at 325 and 442 nm and their powers were 7 and 22 mW, respectively. The powers were measured in the atmosphere by a power meter (Ophir, 30A-P-SH, AN/2). Since neither line at 325 or 442 nm gave photochemical effects to the electrode reaction of 12-molybdophosphate ion, we irradiated the electrode with the two lines to supply more power to the electrode. The beam was chopped with a mechanical chopper at 100 Hz, and then introduced to the electrode through an objective lens of a microscope. The chopped beam was optically absorbed by the electrode, and consequently heat was generated through a non-radiation process.
The heat periodically warmed the electrode and its vicinity, namely, thermal modulation occurred at the electrode and its vicinity synchronously to the chopping frequency of the beam. As a result, electrolytic currents were periodically modulated, depending on the nature of the electrode reaction. The modulated currents were detected with a potentiostat (Huso, 314) and amplified with a lock-in amplifier (NF Electric Instruments, LI-570A) by using a reference signal from a mechanical chopper. The phase shifter of the lock-in amplifier was adjusted at 110˚ throughout the voltammetric measurements, at which the maximum and reproducible signal intensities could be obtained from the lock-in amplifier. The potential was controlled with the potentiostat and swept with the potential sweeper (Huso, HECS 980). The signal intensities corresponding to the modulated current magnitudes were recorded as a function of the potential to obtain a TM voltammogram (a DI-E curve). Figure 2 shows a top and sectional view of the flow electrolytic cell. A graphite-reinforced carbon (GRC) rod (Tsukuba Materials Information Laboratory, a-6) of 0.10 mm in diameter was used as a working electrode. The GRC rod was embedded in the electrode holder with epoxy cement. One end of the GRC rod was used as a working electrode and the other was connected to a conducting wire with silver paste. The GRC electrode was finely polished with 0.3 mm-alumina slurry, sonicated in an ultrasonic bath, and then sufficiently washed with deionized water prior to a voltammetric experiment. A stainless-steel tube was connected with a silicon rubber tube to the outlet of the flow cell, and served as a counter electrode. A saturated silver/silver chloride (Ag/AgCl) electrode was used as a reference electrode, which was set through a hole machined in the flow cell. A cover glass (18 ¥ 18 mm, 0.12 -0.17 mm thick) was placed above the electrode through a Teflon spacer (0.1 mm thick) with grease. A sample solution was pumped with an auto-buret (Metrohm, 665 Dosimat) usually at a flow rate of 1 cm 3 min -1
. While it was carefully checked as to whether the flow rate exerted any effect on the signal intensity of TM voltammogram, no significant change in the signal intensity was observed at flow rates from 0.2 to 1 cm 3 min -1 . All voltammetric measurements were carried out at room temperature (25 ± 1˚C). Each individual measurement was performed at least three times, and then the resulting values were averaged.
Reagents
Potassium dihydrogenphosphate (KH2PO4), sodium silicate anhydrous (Na2SiO3), and L(+)-ascorbic acid (C6H8O6) from Nacalai Tesque, hexammonium heptamolybdate tetrahydrate ((NH4)6Mo7O24·4H2O), and potassium antimonyl tartarate (K(SbO)C4H4O6·1/2H2O) from Wako Pure Chemical Industries, and all other reagents used were of analytical grade and used without further purification. All solutions were prepared with deionized water. A stock solution containing 20 mmol dm -3 phosphate was prepared from KH2PO4, which had been heated at 110˚C for 2 h in an oven prior to preparing a stock solution. A standard solution of phosphate was prepared by diluting the stock solution with deionized water. A solution containing 0.2 mol dm -3 H2SO4, 30% ethanol and 0.08 mmol dm -3 (NH4)6Mo7O24·4H2O served as a supporting electrolyte solution. Sample solutions were prepared by diluting the standard solution to proper concentrations with the supporting electrolyte solution. For a comparison of the TM voltammetric determination with the spectrophotometric determination, we prepared sample solutions of phosphate from the stock solution and added the combined reagent to each sample to develop a blue color. The combined reagent was prepared freshly by adding 2.5 mol dm -3 H2SO4, K(SbO)C4H4O6·1/2H2O, (NH4)6Mo7O24·4H2O and ascorbic acid. A spectrophotometric determination of phosphate ion in riverwater samples was carried out at 880 nm with a UV-visible spectrophotometer (Shimazu, UV-2500). Figure 3 shows TM voltammograms for a 1 mmol dm -3 phosphate solution at a GRC electrode (a) and at a platinum electrode (b) obtained at a flow rate of 1 cm 3 min -1 . Since the electrode diameters were equal to 0.10 mm, the geometric electrode areas were assumed to be the same. The solid and broken curves indicate TM voltammograms for the sample and blank solutions, respectively. The sample solution contained 1.0 mmol dm -3 ), 6 which is probably because the absolute number of the ionic charge is increased from 3 to 4. This suggests that the standard entropy change of the electrode reactions of the 12-molybdophosphate ion seems to be negative. In addition, complicated waves in the TM voltammograms for the blank solution are probably due to the reduction of functional groups on the GRC electrode surface. On the other hand, as can be seen from the TM voltammograms for the sample solution, the peak intensities of the waves were largely different between the GRC electrode and the platinum electrode. The peak intensity at the GRC electrode was several-times larger than that at the platinum electrode. The first reason for this experimental fact is a difference between the adsorption behaviors of 12 5-. It has been reported that GRC is a functional material that can strongly adsorb many kinds of materials. 33 It is likely that this function of GRC is responsible for the difference between the peak intensities at the GRC electrode and at the platinum electrode. A difference in color between the electrodes can also contribute to the difference of the signal intensities. Since the GRC electrode is black, it can absorb the laser beam more efficiently than the metallic platinum electrode, and thus we can achieve a larger magnitude of thermal modulation, leading to the larger signal intensity at the GRC electrode. However, this effect was not significant. , the signal intensity at the GRC electrode was about 2-times larger than that at the platinum electrode. Taking the above facts into account, the GRC electrode was chosen to be the working electrode in this work. Finally, as a comparative study, linear sweep voltammograms were measured under the same conditions as those when TM voltammograms were measured. However, the linear sweep voltammograms did not show the reduction waves with a good contrast below a concentration of 1 mmol dm -3 .
Results and Discussion
Comparison of thermal modulation (TM) voltammograms at a GRC electrode with those at a platinum electrode
Chopping frequency dependence of the signal intensities in the TM voltammograms
The chopping frequency is an important parameter responsible for the analytical sensitivity of TM voltammetry. Figure 4 shows the chopping frequency dependence on the peak Fig. 4 . However, this was not the case for the 12-molybdophosphate ion, as can be seen in the same figure. The peak intensities for 12-molybdophosphate ion were increased at frequencies lower than 100 Hz, and decreased at frequencies higher than 100 Hz. Since this dependence seemed to be curious, we theoretically estimated the amplitudes of thermal modulation at the chopping frequencies from a thermal-diffusion theory for a system consisting of an optically transparent (the sample solution) and opaque (the electrode) phase, 34, 35 and plotted the peak intensities for [Fe II (CN)6] 4-and the 12-molybdophosphate ion against the theoretical amplitudes. The peak intensity for the 12-molybdophosphate ion was not proportional to the amplitude, whereas the peak intensity for [Fe II (CN)6] 4-was proportional. In other words, the thermaldiffusion theory of a simple two-phase system could successfully explain the chopping-frequency dependence for [Fe
but not for the 12-molybdophosphate ion. Consequently, the existence of a third phase at the interface is required in order to explain the chopping-frequency dependence for the 12-molybdophosphate ion. Taking into account that the signal intensity for the 12-molybdophosphate ion is much larger than that for [Fe , the third phase is assumed to be an adsorption layer of 12-molybdophosphate ions (adsorbed species). From the above results, we chose 100 Hz as the optimal chopping frequency for the determination of phosphate ion in this work.
Removal of the adsorbed species from the GRC electrode
As described above, the 12-molybdophosphate ions, i.e., 5-, were strongly adsorbed onto the GRC electrode. The adsorption is favorable for enlarging the signal intensity of the TM voltammogram, and thus for improving the sensitivity for the determination of phosphate ion. However, the adsorption is unfavorable for keeping the reproducibility at a constant level. In order to keep the reproducibility constant, the GRC electrode surface should be renewed before each measurement by removing the adsorbed species from the electrode surface. For this purpose, we tried a few approaches. The first was irradiation of the electrode with an ultraviolet laser beam, while expecting photodecomposition of the adsorbed species to the primary species that are soluble in aqueous solution. Since the He-Cd dual laser had a line at 325 nm, we continuously irradiated the electrode in the blank solution after a TM voltammetric measurement of the sample solution with a beam containing only the line at 325 nm. However, the peaks for 12-molybdophosphate ions appeared in a TM voltammogram measured even in the blank solution, although the peak intensities slightly decreased. This result suggests that ultraviolet irradiation is not very effective for removing the adsorbed species from the GRC electrode surface. Nevertheless, a beam containing the two lines at 325 and 442 nm was employed as a heat source throughout the work for supplying more power. The second was the addition of ethanol into the sample solution, since we expected that an aqueous solution containing ethanol could wash out the adsorbed species. However, this approach failed. Instead, the signal intensity increased with increasing concentration of ethanol in the concentration range up to 30%. This is probably because the formation of the 12-molybdophosphate ion was promoted by adding ethanol. In fact, we observed that a yellow color, indicating the formation of the 12-molybdophosphate ion, became deeper when adding ethanol. We chose 30% as the optimal concentration of ethanol. In this connection, the peak intensity for a sample solution containing 30% ethanol was about 3-times larger than that for a sample solution without ethanol. The last was to wash the GRC electrode with a 0.1 mol dm -3 NaOH aqueous solution. It is well known that the 12-molybdophosphate ion is readily decomposed in an alkaline solution. When the GRC electrode was washed with 0.1 mol dm -3 NaOH for about 10 min, and subsequently rinsed with deionized water for 5 min and 30% ethanol for 5 min, the GRC electrode was substantially renewed. For ten continuous TM voltammetric measurements with the washing procedure, relative standard deviations (RSD) of 1.26 and 1.42% were obtained for the first and second peaks for a 1.0 mmol dm -3 phosphate solution. Consequently, the procedure was practically adopted for the determination of phosphate ion in natural water samples. Figure 5 shows a calibration graph in the concentration range to 100 nmol dm -3 and corresponding TM voltammograms. The calibration graphs for Peaks 1 and 2 were proportional to the concentration, and the correlation coefficients were 0.994 and 0.996, respectively. The detection limit was estimated to be about 0.8 nmol dm -3 at an S/N of 3. At higher concentrations to 5.0 mmol dm -3 , the signal intensity was proportional to the concentration. However, the sensitivity was lower than that in the concentration range to 100 nmol dm -3 , which is probably due to the adsorption described above. The concentration of phosphate ion is usually a few mmol dm -3 in river water and deep seawater. 36 Consequently, the high sensitivity of the proposed method is available for examining the concentrations of phosphate ion in river and seawater samples without any preconcentration treatment.
Calibration graph for the determination of phosphate ion
Determination of phosphate ion in river water
Since a silicate ion, SiO4 4- , can form a heteropoly complex with molybdate ions, MoO4 2-, in a similar manner as a phosphate ion, PO4 3-, the interference with silicate ion was investigated. A typical concentration of silicate ion in river water is reported to be 200 mmol dm -3 . 36 Considering this fact, we checked TM voltammograms for various sample solutions containing 200 mmol dm -3 silicate ion. As a result, we found no waves in a TM voltammogram for a sample solution containing only 200 mmol dm -3 silicate ion. In addition, the same voltammograms were found for sample solutions of 1 mmol dm -3 phosphate ion in the presence and absence of silicate ion. Consequently, no interference with silicate ion was confirmed. We determined phosphate ion in river-water samples, by TM voltammetry and spectrophotometry (the molybdenum-blue method) by using a calibration curve method. The results are listed in Table 1 . As can be seen from this table, the values obtained by both methods were in good agreement with each other, indicating that TM voltammetry is applicable to the determination of phosphate ion in natural water samples.
Conclusions
Thermal modulation (TM) voltammetry was applied to the determination of phosphate ion, using a He-Cd dual laser as a heat source and a graphite reinforced carbon (GRC) electrode. Phosphate was added to a flask containing 0.2 mol dm -3 H2SO4, 30% ethanol and 0.08 mmol dm -3 (NH4)6Mo7O24·4H2O to form 12-molybdophosphate ion, [PMo , which could be electrochemically reduced. The TM voltammogram at the GRC electrode showed two peaks corresponding to two consecutive reductions of the 12-molybdophosphate ion, and the peak intensities were proportional to the concentration of phosphate ions. The adsorption of 12-phosphomolybdate ions onto the GRC electrode largely contributed to a high sensitivity. However, the GRC electrode had to be pretreated by washing with 0.1 mol dm -3 NaOH prior to each measurement for removing the adsorbed species on the electrode. The proportionality of the peak intensity to the concentration was found to be in a concentration range of up to 5 mmol dm -3 . A detection limit of 0.8 nmol dm -3 (S/N = 3) was achieved. TM voltammetry was successfully applied to the determination of phosphate ion in river-water samples. Thus, the proposed TM voltammetry is available for examining the concentrations of phosphate ion in river and seawater samples without any preconcentration treatment. 
